A fertilised Caenorhabditis elegans embryo shows an invariable pattern of cell division and forms a multicellular body where each cell locates to a defined position. Mitotic spindle orientation is determined by several preceding events including the migration of duplicated centrosomes on a nucleus and the rotation of nuclear-centrosome complex. Cell polarity is the dominant force driving nuclear-centrosome rotation and setting the mitotic spindle axis in parallel with the polarity axis during asymmetric cell division. It is reasonable that there is no nuclear-centrosome rotation in symmetrically dividing blastomeres, but the mechanism(s) which suppress rotation in these cells have been proposed because the rotations occur in some polarity defect embryos. Here we show the nuclear-centrosome rotation can be induced by depletion of RPN-2, a regulatory subunit of the proteasome. In these embryos, cell polarity is established normally and both asymmetrically and symmetrically dividing cells are generated through asymmetric cell divisions. The nuclear-centrosome rotations occurred normally in the asymmetrically dividing cell lineage, but also induced in symmetrically dividing daughter cells. Interestingly, we identified RPN-2 as a binding protein of PKC-3, one of critical elements for establishing cell polarity during early asymmetric cell divisions. In addition to asymmetrically dividing cells, PKC-3 is also expressed in symmetrically dividing cells and a role to suppress nuclear-centrosome rotation has been anticipated. Our data suggest that the expression of RPN-2 is involved in the mechanism to suppress nuclear-centrosome rotation in symmetrically dividing cells and it may work in cooperation with PKC-3.
Introduction
Each blastomere of early Caenorhabditis elegans embryos shows a predetermined, invariable pattern of cell divisions (Sulston et al., 1983) . This is important to place each blastomere in a precise position in the body and also to induce proper cell-cell contacts. The orientation of the division axis is determined by the centrosome position situated at each pole of the mitotic spindle (Hyman and White, 1987) . After centrosome duplication, the two pairs split and migrate until they are on opposite sides of the nucleus. As a result, they form a mitotic spindle on a plane perpendicular to the previous division axis. The AB cell in the two-cell stage embryo and its descendants show this type of cell division.
In contrast, in P1 cell of the two-cell stage embryo that develops anterior-posterior cell polarity, the nuclear-centrosome complex rotates 90°during prophase and the centrosomes align on the same axis as cell polarity. The resulting cell division occurs asymmetrically and the daughter cells inherit different properties. Thus in asymmetrically dividing 0925-4773/$ -see front matter Ó 2008 Elsevier Ireland Ltd. All rights reserved. doi:10.1016/j.mod.2008.04.002 cells, the orientation of the division axis is dependent on the polarity axis. The nuclear-centrosome rotations and the asymmetric cell divisions occur in the fertilised one-cell embryo (P0), P1 and its two daughter cells (Rose and Kemphues, 1998) .
Previously, Tsou et al. (2003) showed that in symmetrically dividing cells, nuclear-centrosome rotation can be induced by the geometric distortion of the cell shape. They suggested that in the AB cell, the flat surface formed by cell contact with the P1 cell can drive nuclear-centrosome rotation, but the rotation does not occur under normal condition because there is a mechanism to suppress it.
We found PKC-3, the C. elegans homologue of atypical protein kinase C (aPKC), as the 7th PAR protein that is essential for anterior-posterior cell polarity formation and asymmetric cell divisions (Tabuse et al., 1998) . Like other par mutants, the establishment of cell polarity does not occur after fertilisation in pkc-3 depleted embryos and the first cell division takes place symmetrically. The resulting daughter cells are identical and lack cell polarity. It may be expected that nuclear-centrosome rotation does not occur because there is no anteriorposterior cell polarity in these cells. In PKC-3, PAR-3 and PAR-6 depleted embryos, however, the nuclear-centrosome complexes do rotate in both blastomeres at the two-cell stage. Thus, it has been suggested that in addition to a function of cell polarity formation, PAR-3, PAR-6 and PKC-3 have also to suppress nuclear-centrosome rotation (Rose and Kemphues, 1998) . Furthermore, Tsou et al. (2003) indicated that the nuclear-centrosome rotation in par-3 embryos is induced by the geometric distortion created by the cell contact site.
We screened for binding proteins of PKC-3 using yeast two-hybrid system and then determined their early embryonic phenotypes induced by RNAi depletion. We found RPN-2, a regulatory subunit of proteasome, bound to PKC-3. RNAi depletion of RPN-2 showed similar defect in division axes during second cell division as seen in pkc-3(RNAi) embryos. Depletion of RPN-2 did not affect neither cell polarity nor asymmetric cell division of the P0 and P1 cells, but it did induce nuclear-centrosome rotation in the AB cell. These data indicate that the rpn-2(RNAi) phenotype is different from the loss of cell polarity mutants and results in a novel phenotype where the nuclear-centrosome rotation is induced in AB cell.
Results

Identification of RPN-2 as a binding protein to PKC-3
As a bait for yeast two-hybrid screening, we constructed a PKC-3 mutant harbouring an A to E substitution at residue 116 in the pseudosubstrate domain. This converts the kinase domain into an open, substrate accessible form, whilst the K to E substitution at residue 282 in ATP binding site of the kinase domain, ablates the kinase activity. Generally, substrates dissociate from the kinase domain after phosphorylation. So, in the K282E mutant, substrates may be trapped in the PKC-3 kinase domain. Using this construct, we screened 1.8 · 10 6 clones of C. elegans mix-stage cDNA library and identified RPN-2 as a putative binding partner for PKC-3.
We obtained the rpn-2 clone as a truncated form missing the N-terminus 43 amino acid (Fig. 1A, RPN-2DN , right-hand panel). We confirmed this deleted form of RPN-2 also bound to wild-type PKC-3 by yeast two-hybrid assay (Fig. 1A, left) , whereas no non-specific signal caused by self-binding activity was detected (data not shown). The binding affinity of RPN-2DN may be stronger to the mutant than wild-type PKC-3 because the yeast containing RPN-2 and mutant PKC-3 plasmids always showed better growth. On the contrary, PAR-6, a known binding partner of PKC-3, gave the opposite result; the yeast containing PAR-6 and wild-type PKC-3 grew faster. Thus PAR-6 may bind more effectively to wild-type PKC-3.
The interaction of PKC-3 with RPN-2 was also detectable by immunoprecipitation from mammalian culture cell extracts, though the observed signal was very weak. T7-tagged wildtype PKC-3 and HA-tagged full-length RPN-2 were expressed in 293 T cells. When T7-PKC-3 was immunoprecipitated using an anti-T7 antibody, HA-RPN-2 co-immunoprecipitated and was detected by anti-RPN-2 antibody (Fig. 1B, left) . We also performed immunoprecipitation assay between mammalian homologues of PKC-3 and RPN-2, aPKCk and p112, respectively. In the co-immunoprecipitation fraction of HA-p112 prepared using an anti-HA antibody, a specific signal for T7-aPKCk was detected using an anti-T7 antibody (Fig. 1B, right) . We could not, however, detect a HA-p112 signal in the immunoprecipitate fraction of T7-aPKCk in a reciprocal experiment (data not shown). This is probably because the expression of HA-p112 was considerably lower than that of the endogenous p112 and, also, the endogenous pool of aPKCk is large in 293T (data not shown), two factors which could prevent detection of a HA-p112-T7-aPKCk complex. In summary, these results suggest that RPN-2 has a potential to interact and play a role in signalling with PKC-3.
2.2.
Depletion of RPN-2 causes nuclear-centrosome rotation in AB of two-cell stage embryos RPN-2 is one of the regulatory subunits of the proteasome. The proteasome (26S) complex is composed of a core (20S, catalytic) and a regulatory (19S) particle. The core particle contains 7 a (PAS-1-7) and 7 b (PBS-1-7) subunits and has proteolytic activity. The core particle is capped at both ends by regulatory particles. The regulatory particle can be divided into two groups; those with ATPase activity (RPT-1-6) and those non-ATPase subunits (RPN-1-13, and more). The regulatory subunit is believed to recognise and trap ubiquitinated proteins, then unwind the ternary structure of the captured proteins using an ATPase activity and then transfer them into the core particle for terminal degradation (Voges et al., 1999) . Now that the sequence of the C. elegans genome is complete, all the sequences of the proteasome subunits are known. Davy et al. (2001) identified 30 proteasome subunit sequences in C. elegans and determined their protein-protein interactions using the yeast two-hybrid system. Takahashi et al. (2002) determined the requirement of proteasome gene expression during embryogenesis and post-embryonic development by RNAi depletion and found most of the subunits are essential for embryogenesis. Furthermore, genome wide RNAi experiments also showed that the embryos depleted of proteasome activity are arrested just after fertilisation, but before meiosis procession and pronuclei formation (Gonczy et al., 2000) . This observation is consistent with the well-known function of the proteasome in mitotic cell division specifically at the metaphase-anaphase transition. The detailed analysis of the effects of proteasome inactivation including protein expression, localisation, as well as exploring whether other functions could be disrupted, has not been determined in C. elegans.
Proteasome subunit depletion prevents fertilised embryos from exiting meiosis, but we wanted to determine the phenotype of rpn-2 depletion during the first and second somatic mitoses. Thus, we collected weakly affected rpn-2(RNAi) embryos that had managed to complete meiosis and could then continue subsequent somatic cell divisions. We were able to prepare such embryos using short time RNAi treatment, using the feeding regime of bacteria to modulate the RNAi effect (Timmons and Fire, 1998) . Using this method, we were able to demonstrate that rpn-2(RNAi) embryos had multiple phenotypes which depended upon the duration of RNAi exposure (Fig. 2U) . The severest phenotype of rpn-2(RNAi) embryos was observed when RNAi treatment (feeding) was performed for more than 20 h at 20°C. These embryos stayed at the onecell stage without the formation of egg shells (fertilisation membrane) and also did not extrude any polar bodies (data not shown). These embryos seem to correspond to meiosisarrested embryos as described previously (Gonczy et al., 2000) . Similarly, the embryos that had escaped from meiosis, and then arrested in the first somatic mitotic metaphase, were observed after 16-19 h of RNAi treatment (Fig. 2U ). Other rpn-2(RNAi) embryos had normal patterns of early cell divisions, but then showed embryonic lethality at a later stage (data not shown). Finally, we observed embryos that could complete many cell division cycles and were able to produce cells that even expressed intestinal markers, but in these embryos the orientation of the mitotic spindle axes in the twocell and four-cell stages was abnormal (see details below).
Wild-type fertilised embryos undergo an asymmetric first cell division and generate a large anterior (AB) and a small posterior (P1) daughter cell ( Fig. 2A) . The next cell divisions are asynchronous between these two daughter cells with AB entering mitosis first (Fig. 2B ) and P1 starting division about 2 min later (Fig. 2C, at 20°C ). Nuclear-centrosome complexes of both daughter cells initially align along the transverse axis, but a 90°rotation occurs in the P1 to readjust division to the longitudinal axis. The AB cell, thus, divides transversely in a plane perpendicular to the egg length, while the P1 cell divides in a longitudinal direction ( Fig. 2B and C) .
Those rpn-2(RNAi) embryos that reach the two-cell stage had large anterior and small posterior daughter cells as seen in wild-type embryos (8/8, Fig. 2E ). The second cell divisions of rpn-2(RNAi) embryos also initiated asynchronously (in 4/5 embryos, NEBD of larger cells occurred earlier, 1/5 embryo showed nearly synchronous NEBD, Fig. 2F ) as seen in wildtype embryos. The nuclear-centrosome rotation, however, Fig. 2F and G) . This results in a characteristic phenotype, with all the blastomeres aligning in a straight row in the four-cell stage embryos (Fig. 2H ) and is the same phenotype as observed for pkc-3(RNAi) embryos (Tabuse et al., 1998) .
We wondered if this abnormality was specific to rpn-2 or could be attributed to a general function of the proteasome.
We chose therefore rpn-1 from the non-ATPase regulatory subunits of the proteasome and rpt-1 from the ATPase regulatory subunits, and pas-1 from the core subunits and investigated their contribution to orientation of the division planes. All produced a similar abnormality in the division axis of RNAi embryos (Fig. 2I-U) . From these data, we conclude that the proteasome helps determine the division axes in the two-cell stage embryos.
2.3.
Cell polarity and asymmetric cell division are retained in rpn-2(RNAi) embryos
Our previous results suggested that blastomeres at the two-cell stage from the pkc-3(RNAi) embryos inherit the same protein factors and a common cell fate (Tabuse et al., 1998) . We wanted to know whether this is also the case for rpn-2(RNAi) embryos by investigating their cell polarity.
In wild-type embryos, there is no intrinsic asymmetry in the unfertilised oocytes. The posterior cue is established by the sperm entry site and the fertilised embryo starts to show a dramatic redistribution of proteins along the anterior-posterior (a-p) axis (this orientation corresponds to the longitudinal axis of the egg) (Kemphues and Strome, 1997) . This includes some polarity gene products which are asymmetrically distributed and segregate unequally between the daughter cells after cell division. For instance PAR-1 and PAR-2 localise to the posterior half of the one-cell embryo and segregate into P1. Here, these proteins again concentrate at the posterior end of the cell prior to the second asymmetric cell division and tend to segregate into the posterior daughter cell, P2. In contrast, PAR-3, PAR-6 and PKC-3 locate to the anterior half of the one-cell embryo and are mainly segregated into the anterior AB cell and the rest is then found in P1. During the asymmetric cell division of P1, most of PAR-3, PAR-6 and PKC-3 segregate into the anterior EMS. The unequal segregation of the polarity proteins is therefore a consistent feature of cell division in the cells of the early embryo.
To evaluate cell polarity in rpn-2(RNAi) embryos, we determined the cellular localisation of PKC-3 and PAR-1 as anterior and posterior markers respectively. At the one-cell stage, rpn-2(RNAi) embryos were the same as wild-type embryos, showing an uneven distribution of PKC-3 at the anterior cortex ( Fig. 3A and D) . Similarly, both rpn-2(RNAi) and wild-type embryos ( Fig. 3J and G, 17/17 in rpn-2(RNAi) and 13/13 in wild-type embryos) showed an asymmetric localisation of PKC-3 in the dividing P1, indicating no changes in polarity during these early stages. This was confirmed by staining for the posterior markers, PAR-1 and P-granules. As indicated in Fig. 4 , PAR-1 and the P-granules localised unequally in the posterior half of the dividing one-cell embryos ( Fig. 4A and D, PAR-1 of 3/3 in wild-type and 19/19 in rpn-2(RNAi) embryos). In the P1 cell, PAR-1 was segregated properly in both wild-type (4 out of 4) and rpn-2(RNAi) embryos (16 out of 16, Fig. 4B and E). Likewise, the P-granules were segregated properly in wild-type (2 out of 2) and 16/16 in rpn-2(RNAi) embryos ( Fig. 4b and e). They were then found in the posterior P2 cell of the four-cell stage embryos ( Fig. 4C and F ). These data indicate that cells destined to divide asymmetrically retain their cell polarity in rpn-2(RNAi) embryos.
Interestingly, the asymmetric cell divisions observed in rpn-2(RNAi) embryos produce gut-granule positive cells suggesting these embryos were partially functionally competent. During embryogenesis, all 20 intestinal cells are generated from a single founder cell named E which is the posterior daughter cell of the asymmetrically divided EMS. Gut-granules are light scattering particles specifically detected in cells of the intestinal lineage and visible using semi-polarised light microscopy. Incubation of those rpn-2(RNAi) embryos which showed longitudinal-longitudinal division axes at two-cell stage for 24 h failed to produce embryos, but instead all formed amorphous cell masses (8/8, Fig. 5A and B). The cells in these embryos all possessed gut-granules in the posterior half of the embryos and in the same general position observed in wild-type embryos at an equivalent developmental stage (300-400 min embryos, Fig. 5a and b). At the same stage of incubation, wild-type zygotes had hatched and became viable larvae (3/3, Fig. 5C ). In addition to the intestinal cell lineage, we were also able to detect the existence of med-1::GFP::MED-1 in rpn-2(RNAi) embryos, a marker for the mesodermal cell lineage derived from anterior daughter cell of EMS (data not shown, Maduro et al., 2001) . These data indicate rpn-2(RNAi) embryos possess a limited ability to produce differentiated cells. We suggest that the asymmetric cell divisions observed in rpn-2(RNAi) embryos are partially functional at least for the formation of the intestinal lineage.
2.4.
Alteration of division axes specifically in AB descendants of rpn-2(RNAi) embryos
We reason that the longitudinal division axes are determined by a failure of distinct mechanism rather than just the loss of cell polarity in rpn-2(RNAi) embryos. This is in part due to the fact that the asymmetric cell division of P1 retains the ability to produce a specific, albeit restricted, cell lineage suggesting that the P1 cell is behaving normally. Perhaps the RNAi phenotype is confined to the AB cell and causes changes in the division axes in this symmetrically dividing cell. We therefore examined the AB descendants in more detail. , rpn-2(RNAi) (E-H), rpn-1(RNAi) (I-L), rpt-1(RNAi) (M-P) and pas-1(RNAi) (Q-T) embryos. Living images were recorded every 5 s and in the panels shown here, both blastomeres of two-cell embryos are in interphase (A, E, I, M and Q), AB or anterior cells are dividing (B, F, J, N and R), P1 or posterior cells are dividing (C, G, K, O and S), and the second cell divisions have just completed (D, H, L, P and T). In the images except rpt-1(RNAi), polar bodies are in focus and visible to the anterior tip. To prepare embryos without external pressure, embryos were transferred in pits on the Teflon printed slide glasses and sealed with coverslips with vaseline. The anterior to the left in all images throughout this paper. Scale 10 lm. (U) Multiple phenotypes of proteasome subunits depend on the duration of RNAi exposure. Percentage of early embryos with normal division axis in AB (blue), rotated division axis in AB (green), arrest during first or second cell division (yellow) or arrest before first cell division (red) at each time window (in hours) is presented as horizontal stacked bars. Feeding RNAi was performed at 15°C (for rpn-2, rpn-1 and rpt-1) or 20°C (rpn-2 and pas-1). Total numbers of embryos observed are shown in parentheses. Shorter RNAi treatment at lower temperature tended to result in milder phenotype. Allowhead in (L) shows the position of the one of the sister chromosomes that was imaged in the other optical section. We found that cell cortex of rpn-2(RNAi) embryos were frequently damaged by physical pressure applying on embryos during adult gonads dissection and/or freeze-crack treatment to remove eggshells. We, thus, used hypochlorite method to dissolve adult worms and permeabilise embryonic surroundings. Scale 10 lm. Abnormal division axes were observed in the descendants of the AB at the four-cell stage rpn-2(RNAi) embryos. In wildtype embryos, the AB descendants, ABa and ABp divide synchronously along the same left-right orientation. This is followed by the division of the EMS along the a-p axis. P2 then divides along the d-v axis, by virtue of the physical constraint of the egg shell and also pressure from the adjacent EMS, which forces the division axis of wild-type P2 cell to align on the dorso-ventral axis rather than a-p axis (Hyman and White, 1987, Fig. 6A -D, 7/7). In the rpn-2(RNAi) embryos, ABa and ABp-like cells divide along different axes making an orthogonal angle to each other. Sometimes these divisions are also asynchronous ( Fig. 6E and F, different direction in 13/13 embryos, asynchronous timing in 5/13 embryos). In contrast, both the EMS and P2-like cell always divide as seen in wild-type embryos. The EMS-like cell always divides earlier than P2-like cell in rpn-2(RNAi) embryos (Fig. 6G and H, 13/13) . From these data, we suggest that the loss of rpn-2 causes a specific alteration in the division axis for the descendants of the AB-like cell. This is the first time such a division axis abnormality has been reported for C. elegans and thus may describe a novel function for rpn-2.
Endogenous RPN-2 localisation in early embryos
Division axes are determined by both the movement of the duplicated centrosomes around the nucleus and any subsequent nuclear-centrosome rotation. To see if RPN-2 directly (a and b) Self-fluorescent signals from the gut-granules of the corresponding embryos were detected using a semi-polarised filter. Embryos with abnormal second division axis were incubated at 20°C for overnight and terminal appearances were imaged. During the same incubation time under the same culture condition, all of the wild-type embryos hatched and became larvae (C). Scales 10 lm in (A) and (B), and 50 lm in (C). regulates the orientation of the division axis by binding directly to either the centrosomes or the aster microtubules, we determined the subcellular localisation of endogenous RPN-2. We raised anti-RPN-2 antibodies using a C-terminal peptide sequence of RPN-2. All of the three rabbit antisera produced against RPN-2 detected the RPN-2 overexpressed in 293T cells, which served as a positive control (Supplementary Fig. S1A, lanes 1 and 4 and data not shown) . On a blot of total worm extract, a single major band around 112 kDa size marker was detected ( Supplementary Fig. S1A , lanes 3 and 6 and data not shown). This electrophoretic mobility is only slightly higher than that predicted for the full-length RPN-2 (Gene Model C23G10.4b), 106.0 kDa, and agrees well with the electrophoretic mobility of the HA-tagged, N-terminal truncated positive control using as the cell culture extract (molecular weight 102.1 kDa). Together with immunostaining data of embryos (see below), we concluded that the major band of approximately 112 kDa is the full-length RPN-2 protein. Some faster migrating bands were also detected by our three antisera. These bands may indicate some minor alternative spliced isoforms or artificial degradation products. Since our antibodies have been generated against a C-terminal sequence of RPN-2, it is impossible to verify the existence of a C-terminus-deleted isoform of RPN-2 (Gene Model C23G10.4a), which is predicted by the Gene Finder programme as a 73.6 kDa protein.
To analyse the specificity of our RPN-2 affinity purified antibodies, we stained wild-type and rpn-2(RNAi) embryos. As shown in Supplementary Fig. S1B , immunofluorescent signals of wild-type embryos were observed mainly in the cytoplasm and nuclei and these signals were gradually diminished in rpn-2(RNAi) embryos as the strength of RNAi effect increased (worms kept at 20°C grow faster and their embryos show more severe RNAi effects than those cultured at 15°C for the same time period). These data suggest that the signal observed in the wild-type embryos represents the authentic localisation of endogenous RPN-2.
When we investigated this distribution in more detail, we found that RPN-2 distributes throughout the cytoplasm in both blastomeres of interphase two-cell stage embryos (Fig. 7A ). This staining is somewhat granular and appears in a meshed pattern. We had expected to see an asymmetric cytoplasmic localisation or unequal inheritance between the two blastomeres, but there was no evidence of this. RPN-2 was also detected on the nuclear membrane and cell cortex. The cortical staining was very weak, but this was most obvious at the cellcell contact region where the two plasma membranes are attached (Fig. 7A, arrowhead) . RPN-2 localises to the nucleus (but excluded from the chromosomes) during mitosis, but during interphase the signal for RPN-2 is very low. The nuclear accumulation of RPN-2 begins at prophase (Fig. 7B ) and increases in strength so that the nuclear signal is clearly stronger than the cytoplasmic signal at prometaphase (AB in Fig. 7C and P1 in Fig. 7E ). By metaphase, there is a strong accumulation on/ around the mitotic spindle, but RPN-2 staining is excluded from both the chromosomes and centrosomes (AB in Fig. 7D and P1 in Fig. 7F ). The spindle remains positive for RPN-2 until early anaphase (AB in Fig. 7E and P1 in Fig. 7G ) and gradually disappeared in the later stages of cell division (AB in Fig. 7F and P1 cell in Fig. 7H ). After cytokinesis, RPN-2 is once again detected in the cytoplasm and on the plasma and nuclear membranes, but very weak within the interphase nuclei at this four-cell stage (Fig. 7I) . Nuclear-centrosome rotation occurs during prophase and long aster microtubules are usually observed between the centrosomes and the cell cortex (Hyman and White, 1987) . During this stage, RPN-2 is present in the cytoplasm in a granular pattern, but there was no specific accumulation of RPN-2 on these aster microtubules (data not shown). Similar RPN-2 localisation patterns were detected in one-cell stage embryos (data not shown).
Fig. 7 -Endogenous RPN-2 localisation in two-cell stage embryos. (A-I)
Confocal sliced images of wild-type embryos immunostained with anti-RPN-2 (green) and anti-P-granules (red) antibodies. The arrowhead in (A) indicates cell-cell adhesion site where RPN-2 concentrates. P-granules were observed to the posterior half of P1 and P2 cells. (a-i) Nuclei in corresponding embryos were detected using TOPRO dye (blue). (a) Two-cell interphase; (b and c) two-cell prophase; (d) two-cell embryo in which the AB cell is in metaphase and P1 cell is in prophase; (e) AB cell is in anaphase and P1 cell in prophase; (f) AB cell is in anaphase and P1 cell is in metaphase; (g) two-cell embryo at anaphase; (h) two-cell embryo in which the AB cell is in telophase and P1 cell is in anaphase; (i) four-cell embryo at interphase. Scale 10 lm.
2.6.
Abnormal accumulation of nuclear RPN-2 in RNAi embryos of other proteasome subunits
RNAi of rpn-2 and other proteasome subunits all caused changes in the division axis of AB (see Fig. 2 ). We therefore investigated these other RNAi-treated embryos to see if RPN-2 was inappropriately distributed in these embryos. There was no obvious change in the cytoplasmic and peripheral localisation of RPN-2 in the rpn-1, rpt-1 or pas-1 RNAi-treated embryos, but there were clear differences in the nuclear staining. RPN-2 staining in interphase nuclei was brighter than that seen in the cytoplasm of two-cell stage rpn-1 and rpt-1(RNAi) embryos (Fig. 8A for rpn-1(RNAi) embryo, since rpt-1(RNAi) embryos showed a very similar pattern to rpn-1(RNAi), only rpn-1(RNAi) data were shown here) comparing to the lower nuclear signals observed in wild-type nuclei (Fig. 7A) . Interphase nuclei in the next cell cycle also have RPN-2 accumulation (at four-cell stage embryos, Fig. 8E ). The most prominent abnormality was observed in prophase nuclei; in wild-type embryos, prophase nuclei do have a RPN-2 signal, but the RPN-2 signal in rpn-1 and rpt-1(RNAi) embryos is clearly stronger in the nuclei (Fig. 8B) . In spite of obvious abnormality during prophase, no change was observed during metaphase for RPN-2 in rpn-1 and rpt-1(RNAi) embryos (anterior cells in Fig. 8C and both cells in D) . The spindle-shape stainings, however, did not disappear in rpn-1 and rpt-1(RNAi) embryos during anaphase (data not shown), and the interphase nuclei in the following cell cycle had nuclear RPN-2 staining. The RPN-2 accumulation in interphase nuclei was also observed in pas-1(RNAi) embryos (data not shown). These data suggest that the nuclear localisation of RPN-2 is regulated by expression of the other proteasome subunits. The nuclear-centrosome rotation occurs in prophase. The strong accumulation of RPN-2 into nuclei in the proteasome subunits depleted embryos may have relationship to the abnormal rotation in AB cell because it also happens at prophase, but at this moment it is difficult for us to speculate a link between these two events.
Finally we determined RPN-2 localisation in pkc-3(RNAi) embryos. As shown in Fig. 8F -J, RPN-2 shows a similar localisation to that seen in wild-type embryos throughout the cell cycle. These data and those shown for PKC-3 localisation in Fig. 8 -RPN-2 localisation is disrupted by proteasome subunits depletion. Confocal sliced images of rpn-1(RNAi) (A-E) and pkc-3(RNAi) (F-J) embryos stained with anti-RPN-2 (green) and anti-P-granules (red) antibodies. Corresponding nuclear signals were detected using TOPRO dye (blue, a-j). (A and F) Two-cell embryos at interphase; (B and G) at prophase; (C) two-cell rpn-1(RNAi) embryos in which the anterior cells is in metaphase and the posterior cell is in prophase; (H) two-cell pkc-3(RNAi) embryo in which anterior cell is in prometaphase and the posterior cell is in prophase; (D and I) two-cell embryos at metaphase; (E and J) four-cell interphase. Scale 10 lm.
rpn-2(RNAi) embryos (Fig. 3) suggest the localisations of RPN-2 and PKC-3 were independent.
Discussion
Symmetrically dividing cell specific division axis alteration in RPN-2 depleted embryos
Here we describe changes in the division axis as a result of RNAi of rpn-2, a regulatory subunit of the proteasome, in embryos at the two-cell stage. In wild-type embryos, the anterior AB cell divides in a transverse direction while the posterior P1 divides along longitudinal axis. In contrast to wild-type embryos, both blastomeres of rpn-2(RNAi) embryos divide along the same axis in a longitudinal direction. This abnormal sequence of cell division planes is similar to the pkc-3(RNAi) phenotype, which also shows longitudinal division axes at the two-cell stage. We, however, suggest the rpn-2 phenotype is a division axis defect specific to the AB cell and different from the abnormality of pkc-3(RNAi) embryos.
In wild-type embryos, the first cell division of the fertilised embryos is asymmetric and the resulting daughter cells inherit different properties, including the orientation of division axes. In pkc-3(RNAi) embryos, which have lost cell polarity, the first cell division occurs symmetrically and both blastomeres in the two-cell embryos have the same properties and have the same longitudinal division axes. In contrast, rpn-2(RNAi) embryos maintain their cell polarity and show asymmetric cell divisions. The unequal localisation of PKC-3, PAR-1 and P-granules were demonstrated and we also observed the asymmetric localisation and segregation of MEX-5 and PIE-1 (data not shown), the well studied cell fate determinants, during the second cell division. Furthermore, the asymmetric cell division observed in rpn-2(RNAi) embryos seems to be functional, because we observed the differentiation of gut-granule positive cells in the posterior half of the terminally differentiated rpn-2(RNAi) embryos. We also detected the expression of MED-1, a cell fate determinant involving mesoderm differentiation, was induced in the rpn-2(RNAi) embryos (data not shown). Thus, we suggest rpn-2(RNAi) embryos maintain their cell polarity and asymmetric cell division. Loss of cell polarity cannot, therefore, account for the change in division axes seen at two-cell stage embryos of the rpn-2(RNAi) embryos.
As the longitudinal division axis in the posterior blastomere of the two-cell stage rpn-2(RNAi) embryo is same as wild-type embryos and the P1 of rpn-2(RNAi) embryos retain normal cell polarity, we speculate that the phenotype of the two-cell stage rpn-2(RNAi) embryo is due to the abnormal division axes found specifically in the AB cell. In support of this idea, we observed the changes in division axes were restricted to the descendants of the AB cell in four-cell stage rpn-2(RNAi) embryos. We also detected reduced number of pharyngeal muscle cells, half of which are derived from AB and the other half from MS in wild-type embryos, in rpn-2(RNAi) embryos by using myo-2::GFP as a marker, which may indicate that the production of pharyngeal cells from AB is decreased in rpn-2(RNAi) embryos (data not shown). Thus, from these data, we suggest the phenotype of rpn-2 depleted embryos is that cell type specific division axis alteration and this defect is restricted to the symmetrically dividing cell lineage.
Division axis directing mechanism in symmetrically dividing AB cell
What is the mechanism that determines the division axis in the AB cell? It has been considered that the AB cell divides transversely because there are no anterior-posterior cell polarity to drive the nuclear-centrosome rotation, which could align the division axis longitudinally. Furthermore, PAR-3, PAR-6 and PKC-3 co-segregate into the AB cell and these are thought to suppress nuclear-centrosome rotation in AB cell. Previously, Tsou et al. (2003) suggested that in the AB cell, geometric distortion via cell contact with the P1 cell can drive nuclear-centrosome rotation. This does not operate in the AB cell because PAR-3 suppresses any signal arising such geometric effects (Tsou et al., 2003) .
Our data suggest that the expression of proteasome subunits are required to suppress nuclear-centrosome rotation in AB cell. One possible hypothesis is that the proteasome suppresses the geometry-dependent nuclear-centrosome rotation since in the proteasome depleted AB cells, the division axis is directed towards cell contact region. Our finding of the interaction between RPN-2 and PKC-3 may also link RPN-2 to the geometry-dependent nuclear-centrosome rotation because PKC-3 is expected to work together with PAR-3 in this mechanism. Tsou et al. (2003) also found that LET-99, a spindle orientation protein, is required for nuclear-centrosome rotation in two-cell stage par-3 embryos. Here, the level of cortical LET-99 was higher compared to the level of cortical LET-99 in the wild-type AB cell and the par-2 mutant cells where rotation does not occur. So far, there is no evidence that the level of LET-99 is regulated by protein degradation, but perhaps the proteasome keeps the cortical level of LET-99 low and this prevents nuclear-centrosome rotation in wild-type AB cell.
A functional relationship between the proteasome and PKC-3 has not previously been known. We have found that RPN-2 localises to the cell cortex where PKC-3 can also be found, thus their colocalisation can be expected in this region. This colocalisation is, however, appears to be coincidental as RPN-2 and PKC-3 localise independently to this cellular compartment. Thus the interaction does not seem to reflect anchoring of the other protein to cell cortex, but rather may indicate enzyme-substrate relationship. Previously, Okuda et al. (1999 Okuda et al. ( , 2001 ) found a mammalian homologue of PKC-3, aPKC, is ubiquitinated by E3 ligase containing VHL. The accumulation of ubiquitinated aPKC was detected when cells were treated with a proteasome inhibitor (Okuda et al., 1999 (Okuda et al., , 2001 . Thus the binding of PKC-3 to RPN-2 may reflect the potential degradation of PKC-3 by the proteasome complex. Equally, the association of RPN-2 with PKC-3 may mean RPN-2 has to be phosphorylated by PKC-3 to regulate activity. Phosphorylation of several proteasome subunits has been reported and this can affect proteasome stability (Bose et al., 2004; Satoh et al., 2001 ). Thus, PKC-3 may phosphorylate RPN-2 and modify proteasome assembly and/or activity.
On the other hand, the mis-orientation of division axes may not be a direct effect of proteasome depletion but a secondary effect led by earlier stage defects of proteasome depletion. The null mutations of anaphase-promoting complex (APC), an ubiquitin ligase complex, cause meiosis arrest just after fertilisation similar to the severest phenotype observed for proteasome depleted embryos (Furuta et al., 2000; Golden et al., 2000) . The hypomorphic mutations of APC result in the loss of cell polarity and osmosensitivity defects to the early embryos (Rappleye et al., 1999) and these phenotypes were linked to earlier stage defects including polar body extrusion (Shakes et al., 2003) . Since the proteasome acts downstream of APC, the similar abnormality may be expected as hypomorphic phenotypes of proteasome. In our experiment, however, loss of cell polarity has not been detected. Furthermore, the embryos with mis-oriented division axis obviously have polar bodies (see Fig. 2 for example), so there may not be any correlation with a meiotic defect and division axes alteration. We could not, however, exclude the possibility of this matter and further experiments including isolation of ts mutants of proteasome subunits are required.
RPN-2 localisation in early C. elegans embryos
Using specific antibodies against RPN-2, we detected cellular localisation of a proteasome subunit in C. elegans embryo for the first time. We suggest the RPN-2 localisation shown here represents the distribution of proteasome particles in C. elegans embryos. In higher eukaryote cells, the general distribution pattern of the proteasome is a uniform labelling of cytoplasm and a slightly stronger labelling of the nucleus. The inner nuclear periphery is the major location for the proteasome in yeast cells (Gordon, 2002; Wojcik and DeMartino, 2003) . We have shown that in C. elegans embryo, the majority of RPN-2 is detected in the cytoplasm during the early cleavage stage and then in the cytoplasm and the nuclei at later stages of embryogenesis (Supplementary Figure S1 , data not shown). Thus, the cellular distribution of C. elegans RPN-2 is similar to the proteasome pattern observed in higher eukaryotic cells. In the mitotic cells, dynamic relocalisation of RPN-2 into nuclei was observed. This pattern is quite similar to the description in rat ovarian granulosa cells using antibodies raised against purified rat proteasome (see Fig. 3 in Amsterdam et al., 1993) . These similarities of RPN-2 pattern with the known proteasome localisation suggest RPN-2 localisation observed in this study represents proteasome distribution in C. elegans.
We detected an abnormal accumulation of RPN-2 in the nuclei of base (rpn-1 and rpt-1) and core (pas-1) proteasome component-depleted C. elegans embryos. Thus the proper localisation of RPN-2 is dependent upon the expression of these subunits. It has been shown that depletion of one of the proteasome subunits from yeast cells causes a general loss in the proteasome complex (for example see Santamaria et al., 2003) . Yen et al. (2003) showed subunit depletion also leads to the mislocalisation of proteasome subunits in fission yeast. These data indicate the stoichiometry of proteasome subunits is important for proteasome assembly and localisation, and we suggest this is also true for C. elegans as shown by the data presented here.
Experimental procedures
Antibodies
Anti-C. elegans RPN-2 polyclonal antibodies (75323, 75324, 75325) were raised against C-terminal peptide sequence (SSGNTE NKPHSTFEININDF) by immunising three rabbits (Sawady Technology, Tokyo, Japan). Antisera were affinity purified using the antigen peptide. Anti-C. elegans PKC-3 polyclonal antibody (97249) was raised against a peptide described (Tabuse et al., 1998) and affinity purified with the antigen peptide (Sawady Tech.). Anti-PAR-1 rabbit polyclonal antibody was a gift from Guo and Kemphues (1995) and anti-P-granules mouse monoclonal antibody (K76) developed by Strome and Wood (1983) was obtained from the Developmental Studies Hybridoma Bank developed under the auspices of the NICHD and maintained by The University of Iowa, Department of Biological Sciences. Anti-actin mouse monoclonal antibody (C4, ICN), anti-T7 rabbit polyclonal antibody (omni, Santa Cruz), anti-T7 mouse monoclonal antibody (Novagen), and anti-HA rat monoclonal antibody (3F10, Roche) were commercially available.
Plasmid construction
In clone D51, which was isolated from mix-stage C. elegans cDNA library (a gift from R. Barstead), partial sequence of rpn-2 beginning from 237 bp downstream of the initiate codon and its 3 0 untranslated region were integrated into XhoI site of pACT. rpn-2 sequence was excised at the BglII sites of pACT and cloned into BglII sites of L4440 (D51/L4440). This plasmid vector is designed for bacteria mediated RNAi and contains inverted T7 promoter sequences to facilitate uni-directed RNA synthesis in T7 RNA polymerase expressing strains (Timmons and Fire, 1998) . The rpn-2 sequence was excised from D51/L4440 between Hsp92I of rpn-2 coding sequence and SalI in vector sequence and cloned into BstBI and SalI sites of SR-HA vector harbouring SRa promoter and N-terminal HA tag (D51/SR-HA). N-Terminal sequence of RPN-2 was excised from yk586d12 (yk clones are gift from K. Kohara) using SmaI site in pBlueScript vector and BstBI of rpn-2 sequence and cloned into PvuII and BstBI sites of SR-HA vector (yk586d12/SR-HA). To make HA-tagged full-length RPN-2 construction, yk586d12/SR-HA and D51/SR-HA were combined at NruI site of rpn-2 sequence and SalI site in the vector. Full-length human p112L (a gift from K. Tanaka (Yokota et al., 1996) ) was subcloned into SR-HA vector. C. elegans full-length pkc-3 sequence (a gift from Y. Tabuse (Tabuse et al., 1998) ) was subcloned into SR-His T7-tagged vector. Human wild-type aPKCk tagged with T7 was described previously (Akimoto et al., 1998) .
PKC-3 sequence was subcloned into L4440 vector. From yk663g5 (pas-1), yk556d10 (rpt-1) and yk24e3 (rpn-1), cDNA sequences were amplified using vector sequence conjugated with T7 promoter sequences on both terminal (CMo24 and 422 PCR primers, C. Mello, personal communication). Amplified products were ligated to PvuII site of pBlueScriptII and transformed into HT115(DE3), a T7 RNA polymerase expressing E. coli strain, for bacteria mediated RNAi (Timmons et al., 2001) . A116E and K282E mutations were sequentially introduced into C. elegans PKC-3 sequence by QuikChange Site-Directed Mutagenesis Kit (Stratagene). Wild-type and modified PKC-3 sequences were subcloned into pDBTrp, a yeast two-hybrid binding domain plasmid (GibcoBRL). C. elegans par-6 (a gift form K. Kemphues (Hung and Kemphues, 1999) ) was subcloned into pGAD10, an activation domain plasmid (Clontech).
RNAi
We followed methods introduced by Timmons or Kamath (Timmons et al., 2001; Kamath, 2001, #17) . HT115(DE3) strain transfected with target plasmids or negative control (vehicle L4440 or pBlueScriptII) were cultured in LB medium containing 25 lg/mL carbenicillin (Sigma C1389) and 12.5 lg/mL tetracycline (Sigma T7660) for overnight. Eighty micro-little of liquid culture was spread on NGM agar containing 1 mM IPTG (TaKaRa) and 25 lg/mL carbenicillin and incubated at 30°C for overnight to induce T7 RNA polymerase and allow double strand RNA synthesis. Standard Bristol N2 strain was used as wild-type C. elegans and maintained with E. coli strain OP50 grown on NGM agar as standard method (Epstein and Shakes, 1995) . L4 larvae-young adult worms were transferred on HT115(DE3) lawn and incubated at 15°C for 20 h (rpt-1), 21 h (rpn-2 and rpn-1), or at 20°C for 22 h (pas-1). Hypomorphic phenotypes were observed for about 3 h around indicated time. pkc-3 phenotype was observed from earlier time and continued until mother worms stop laying eggs.
Living images
Adult worms were transferred in a drop of M9 buffer on a flat slide glass and cut into half with a small blade to protrude embryos from gonads. A one-cell stage embryo was picked up by capillary and transferred into 8 ll of M9 drop on a pit of Teflon printed slide glass (3 well, u10 mm, ER-205/AD1, Erie Scientific Company). Then the sample was covered with 15 mm round coverslip with vaseline to prevent evaporation. Development of embryo was observed under Leica DMRHC microscopy and images were taken by Pro600ES CCD camera (Pixera). Time laps series were captured every 5 s by SimplePCI software (Compix Inc.).
4.5.
Immunofluorescence staining
To prepare embryos for RPN-2 and PAR-1 staining, $40 adult worms were transferred in 6 ll of M9 drop on poly-lysine coated slide glass and covered with an 18 · 18 mm coverslip. Embryos were extruded from mother bodies by pushing the coverslip with toothpick and immediately frozen on ice block pre-chilled with liquid nitrogen more than 15 min. The coverslip was cracked off using a blade and the slide glass was soaked in 100% methanol for 10 min at room temperature. Then the slide glass was air dried and soaked in PBS containing 0.05% Tween-20 (PBST) for 5 min before blocking reaction with BlockAce (Dainippon Pharmaceutical Co., Ltd, Japan) for 30 min at room temperature. After short wash in PBST, the slide glass was incubated with primary antibodies diluted in culture medium supernatant containing anti-P-granules antibody for 1 h at room temperature or at 4°C for overnight. Slides were washed in PBS, PBST, PBS for 10 min. Secondary antibodies (Alexa488-anti-rabbit IgG Ab (Molecular Probes), Cy3-anti-mouse IgM Ab (Jackson ImmunoResearch Laboratories, Inc.) were suspended in PBS containing 0.5% casein, 0.5% gelatine and 0.05% Tween-20, 100 ng/mL DAPI and TOPRO-3 (Molecular Probes) and loaded on the samples for 45 min at room temperature. Slide glass was washed in PBS, PBST, PBS and samples were sealed using a 22 · 22 mm coverslip and 10 ll of VECTASHIELD Mounting Medium (Vector Laboratories).
Modified method of Aroian et al. was used for PKC-3 and actin double staining (Aroian et al., 1997) . Approximately one-hundred and eighty worms were picked up in 200 ll tube with H 2 O and collected by a brief spin down. The worms were dissolved in standard alkaline hypochlorite solution for 4-5 min and washed with egg salts twice (Epstein and Shakes, 1995) . Isolated embryos were fixed with 100% methanol for 10 min at room temperature and followed by same procedure for freeze-cracked method described above except all of the reaction was done in microtube. At last, drop of embryos were transferred on a Teflon printed slide glass and covered with 15 mm round coverslip with VECTASHIELD.
Fluorescence was observed under Olympus BX50 with conventional mercury lamp and images were taken by SenSys 1400 cooled CCD camera (Photometrics) driven by IP Lab software (Scanalytics). Alternatively images were collected by Zeiss LSM510 confocal microscopy system.
Protein sample preparation, immunoprecipitation and Western blotting
To prepare whole extract of C. elegans, mix-stage embryos/larvae were harvested from agar plates with M9 buffer, washed several times with M9 buffer and lysed in SDS-sample buffer. Worm lysate was sonicated and heat-denatured before loading.
Immunoprecipitation assay was done as bellow. Expression plasmids were transfected into 293T cells using PolyFect (Qiagen) as manufacture's instruction. Supernatants of cell extract (lysed in 20 mM Tris-HCl, pH 7.5, 150 mM NaCl, 1 mM EDTA, 40 mM NaF, 1 mM Na 3 VO 4 , 1 mM PMSF, 10 lg/mL leupeptin, 3 lg/mL aprotinin, 0.5 mM benzmidine and 1% Triton X-100) were incubated with antibody-conjugated Protein G Sepharose 4 (Amersham Biosciences Corp.) for 1 h at 4°C. Associated proteins were eluted by boiling in SDS-sample buffer.
Protein samples were separated by SDS-PAGE and transferred on PVDF membrane (Millipore). After blocking with 5% non-fat skimmed milk in PBST, membranes were incubated with primary antibodies diluted in antibody dilution buffer (PBST containing 0.05% casein and 0.05% gelatine). Following washing, membrane was reacted with secondary antibodies (HRP-conjugated anti-rabbit or mouse IgG antibodies suspended in antibody dilution buffer or HRP-conjugated anti-rat IgG Ab suspended in PBST containing 5% skimmed milk and 0.1% BSA). Signals were detected by ECL system (Amersham Biosciences Corp.).
4.7.
Yeast two-hybrid assay
Prey and bait plasmids were simultaneously introduced into AH109 strain (Clontech) by standard PEG/LiAc method. Transformants were spread on ÀULWH plates and incubated at 30°C for 3 days. For screening, mix-stage, random primer based C. elegans cDNA library (a gift from R. Barstead) was introduced into AH109 pre-transformed with a bait plasmid, A116E;;K282E PKC-3/ pDBTrp. Transformants were seeded on ÀULWH plate containing 2 lg/mL X-a-Gal (Clontech 8061-1) to detect not only GAL1 UAS -GAL1 TATA -HIS3 reporter gene activity but also expression of MEL1, an endogenous GAL-4 responsive gene encoding a-galactosidase. Plasmid DNAs were extracted from positive colonies by zymolyase treatment and introduced into E. coli DH5a(DE3). Transformants containing prey plasmid (ampicillin resistant) were separated from bait plasmid (kanamycin resistant) on ampicillin plates.
Candidate genes were subjected to RNAi experiments to determine phenotype(s) during early embryogenesis of C. elegans. Insert sequences in prey plasmids were PCR amplified using vector sequences conjugated with T7 promoter sequence and subcloned to PvuII fragment of pBlueScriptII. These plasmids were introduced in HT115(DE3) for bacteria mediated RNAi. preparation. Y.S. is a Research Fellow of the Japan Society for the Promotion of Science.
